Abstract Indium tin oxide (ITO) transparent conducting film was treated with oxygen plasma immersion ion implantation (PIII). X-ray photoelectron spectroscopy (XPS) was employed to characterize the effect. The results suggested that the oxygen content in the surface was increased and maintained for more than 50 h compared with traditional plasma-treated samples. Meanwhile, the work function of ITO estimated by comparing the peak shift in the XPS diagram suggested a corresponding increase by more than 1 eV.
Introduction
Since the landmark discovery of a multilayer structure for organic light emitting devices (OLEDs) by C.W. TANG [1] , great attention has been paid to related researches. ITO is one of the dominant anode materials of OLEDs to inject holes into the highest occupied molecular orbitals (HOMO) of organic semiconductors due to its high work function (∼4.7 eV) [2] , high electrical conductivity (∼10 −4 Ω·cm), and high transparency (∼90%) in the visible light region. Therefore, the performance of OLEDs is determined to a great extent by the properties, especially the work function of ITO because it affects the energy barrier height at the interface of anode with the organic semiconductors, which concerns the operating voltage and efficiency of the device [3∼5] . Extensive research work on surface treatments using mechanical polishing, UVirradiation, wet chemical, and plasma has been conducted to enhance the work function and exhibit diverse results [3∼10] . Among these different surface treatments, oxygen plasma treatment has been proved to be one of the most effective and convenient techniques in increasing the ITO work function. The change of chemical composition and the generation of a dipole layer account mostly for the increase of the ITO work function by oxygen plasma treatment [11] .
However, the O/(In+Sn) atoms ratio, the key to enhance ITO work function, is uncontrollable under oxygen plasma treatment, and the treatment effect has been proved to quickly decay with a time-dependent curve [11, 12] . So, in this paper, we made a preliminary investigation on the effect on the ITO surface by using another technique, called plasma immersion ion implantation (PIII) [13] . PIII is widely used as a surface modification technique with the advantages of overcoming line of sight restrictions and retaining implantation dose. XPS analysis confirmed that the altered oxygen content can be maintained for about 50 h at least using this method and also an enhanced work function can be obtained.
Experiment
ITO samples with a film thickness of 160 nm and a sheet resistance of 7 Ω/ were used in our experiment. All the samples were prepared with a preceding cleaning procedure before being treated by PIII.
The preceding washing procedure included the following steps: all the samples were first immersed in ultrasonic baths of acetone and isopropyl alcohol, followed by nitrogen blow-drying, and then O 2 inductively coupled plasma (ICP) cleaning were applied to the samples for 10 min. After the preceding cleaning, we divided the samples into three groups, labeled A, B, and C, corresponding to durations of PIII treatment of 20 min, 30 min, and 50 min, respectively.
The treatment system (Fig. 1 ) used in this experiment was a custom built, stainless-steel chamber. The RF power was coupled via a stainless-steel horn antenna at the roof of the chamber, which was connected to a RF generator operating at 13.56 MHz via an auto-running matching network. Oxygen was fed into the chamber through a stainless-steel inlet positioned near the bottom of the chamber. A base pressure of 6×10 −4 Pa were used in the experiment. The chamber pressure was held at 5 Pa and an oxygen flow rate of 50 sccm was kept both in ICP and PIII treatment. All the plasmas in this experiment were generated by a stable RF power of 55 W. During the implantation treatment, a 500 V pulsed bias with a pulsed width of 10 µs, frequency of 1 kHz was applied to the substrate. In addition, four PIII-treated samples we also prepared as reference samples, which were merely ICPtreated. All the samples were sent to the XPS chamber after 50 hours. A Mg Kα X-ray source at 1253.6 eV was used for XPS measurements. Fig. 2 demonstrates the changes of oxygen concentration and atomic ratio determined from the XPS core level spectra. Compared with the reference samples treated by O 2 ICP, we can find that the PIII treated samples show a pronounced high implantation dose. For the oxygen concentration, there is an order of B>C>A. When we remove the impact of carbon contaminant, the atomic ratio of O orders in C>B>A. That is to say, the ratio of O/(In+Sn) shows a positive correlation to the implantation time, seeing Table 1 . The average oxygen concentration increases merely based on ICP-treated sample amounts to 45.54%. So we can conclude that PIII treatment has a remarkable effect in oxygen implantation to the samples, and the implantation dose has a positive relation to the implantation duration. Meanwhile, according to other reports [11, 12] , the effect of O 2 ICP treatment in ITO will decay with the increment of storage time after treatment. Since all the samples in this experiment were exposed to air for about 50 h before the XPS test, we can ascribe this enhanced oxygen content mostly to the PIII treatment rather than O 2 ICP. That is to say, PIII treatment has an advantage of enhanced durability over ICP treatment. For measuring the relative enhancement in work function, we use a method based on high resolution Xray photoemission [14∼16] . In an XPS analysis system, binding energy E In the ITO element system, oxygen has the strongest electronegativity, so implantation of oxygen will possibly turn the chemical shifts of all the elements towards a higher binding energy E V B . That means the improvement of work function can be estimated by the change of E F B , which is known as the binding energy in XPS analysis. Fig. 3 shows XPS spectra peak banding energy of (a) In 3d 5/2 , (b) Sn 3d 5/2 and O 1s core levels for ITO samples with different implantation time. It is evident that with the increase of implantation duration, the peaks shift towards a lower binding energy consequently. The value of binding energy is shown in Table 2 . Due to a decreasing trend in E F B , we can confirm that the work function W F must be increased in the PIII treated samples to meet the former equation. If we take sample C to compare with the reference sample, the value of work function improvement can be estimated as 1 eV at least. The improvement effect is better than some former reported data which had a typical value of 0.4∼0.6 eV by O 2 ICP treatment [16∼19] . An explanation for this result is a larger and relatively more durable implantation dose of oxygen on the surface of ITO samples after PIII treatment compared with the former analysis. 
Results and discussion

Conclusion
ITO samples were treated by the PIII technique and XPS analysis was carried out to investigate changes in surface atomic composition and to estimate the improvement of work function by measuring the peak binding energy shift. The results indicate that PIII has distinct advantages over the traditional plasma treatment regarding time-dependence (>50 h), implantation dose (an excess of 45.54% over ICP-treated sample), and work function improvement (>1 eV).
